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Abstract
Hybridization occurs when two separate species reproduce to form hybrid offspring.
If the hybrid offspring backcross with individuals of their parental species, the subsequent
offspring may have varying amounts of the parental genomes, if viable. Following the retreat of
the Last Glacial Maxima 20,000 years ago, two sea star species, Asterias forbesi and A. rubens
came into secondary contact in the Gulf of Maine where they began to hybridize. Previous
research in our lab studied the frequency of hybridization at four locations along the east coast
(Quebec, Nova Scotia, New Hampshire, and New York) using morphological identifications as
well two nuclear DNA markers (ITS and EF1-α). Here, we used Polymerase Chain Reactions
(PCR) to add additional mitochondrial DNA identifications to create a hybrid index and measure
the frequency and extent of hybridization between the two species. Our findings showed low
levels of bimodal hybridization in sympatric populations and extremely low levels of
hybridization in allopatric populations. Further research is needed to expand the data set and to
build a more comprehensive model of the hybridization occurring in the populations.
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Introduction
Hybridization is an important area of study because it is an essential source of genetic
variation within an ecosystem. A population must exhibit genetic variation in order for natural
selection (the ecological process that selects for traits that are most suited for the environment) to
occur. Characteristics of an environment, such as resource availability and temperature, can
change over time. In order to survive, populations must be able to adapt to this changing
environment through natural selection. A population with greater genetic variability therefore has
a better chance of survival; greater genetic variability in a changing environment leads to a
greater probability of organisms with traits that fit with the environment. As we study
hybridization, we are thus able to better understand the evolutionary history of a species.
As an introduction to my study on the hybridization between Asterias forbesi and A.
rubens, I first review the Biological Species Concept and the evolutionary theory of speciation.
Then I examine hybridization, methods of measuring introgression through hybrid indices, and
examples of natural hybridization found both on land and in aquatic environments. Finally, I
present the current research completed on the species models examined in this study. The
purpose of this study is to build upon the research of hybridization of two sympatric populations
of A. forbesi and A. rubens by examining frequency and extent of introgression through the
construction of a hybrid index.

Speciation
Speciation is the evolutionary process by which a new species is formed (Barraclough et
al. 1999). It is important to study speciation because it provides a more extensive view of the
evolutionary history of species and potential information for the conservation of the species. The
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Biological Species Concept, as described by Ernst Mayr (1942), defines a species as a group of
populations or one population that is capable of breeding and producing fertile offspring, but
incapable of interbreeding and/or producing fertile offspring with any other population (Mayr
1942). There are four recognized patterns of speciation: allopatric, peripatric, sympatric, and
parapatric.
When allopatric speciation occurs, two populations of a species are geographically
isolated from one another. The separated populations experience a break in their gene flow
because adults are unable to reach each other to reproduce (Lachlan and Servedio 2004). The
physical divergence may lead to the formation of separate species if the differing environments
pressure each subgroup to evolve separate traits. Allopatric speciation may also occur if
mutations are present in one of the subpopulations, but not the other (Campbell and Reese 2005).
Peripatric speciation is a form of allopatric speciation in which one of the subgroups is
much smaller than the other subgroup. The small population size is easily susceptible to a loss in
the variation of their gene pool, similar to the founder effect (Cracraft 1984). The founder effect
occurs when a small portion of a larger population splits off and establishes a new population.
This leads to the gene pool being restricted to the genes only brought by the individuals of the
new population (Campbell and Reese 2005).
Sympatric speciation is a type of speciation in which one ancestral species is the
descendant of two new species that are not geographically isolated (Gavrilets et al. 2000). Some
causes of this type of speciation include habitat differentiation, polyploidy, and sexual selection
(Templeton 1981).
In parapatric speciation, two populations are not completely geographically separated and
instead occur in gradients due to different climatic zones, partial geographic barriers, or other
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reproductive barriers (Lucek et al. 2013). The geographic ranges of each population are greater
than the typical dispersal range, so genetic differences occur throughout the geographic range
(Gavrilets et al. 2000).
The formation of reproductive barriers can cause speciation to occur. When reproductive
isolation occurs before the fertilization of the egg, this is called a prezygotic barrier, and includes
habitat isolation, temporal isolation, behavioral isolation, mechanical isolation, and gametic
isolation (Coyne and Orr 2004). During habitat isolation, the environments in which the two
populations live are different. Temporal isolation occurs when populations breed at different
times. When the courtship behaviors of two populations are different, the populations are
behaviorally isolated. Mechanical isolation occurs if there are anatomical differences that prevent
successful mating. During gametic isolation, the eggs of one population cannot be fertilized by
the sperm of the other population.
When reproductive isolation occurs after the successful fertilization of an egg by the
sperm of another population, but the zygote fails to develop into a viable, fertile adult, it is
known as a postzygotic barrier. This type of barrier includes reduced hybrid viability, reduced
hybrid fertility, and hybrid breakdown (Coyne and Orr 2004). Reduced hybrid viability occurs
when the genetic makeup of the hybrid decreases the fitness of the organism. In hybrid
breakdown, the hybrid organism is typically sterile and therefore cannot reproduce. When the
hybrid produces offspring that have a low fitness and/or are sterile, hybrid breakdown occurs.
Reproductive barriers can be complete, which leads to speciation, or incomplete, which leads to
the formation of hybrid organisms.
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Hybridization
Hybridization occurs when two separate species reproduce to form hybrid offspring. If
hybrid offspring are viable and fertile, this may lead to speciation. Hybridization can occur when
one or more prezygotic or postzygotic barrier is incomplete; the two species are not in complete
reproductive isolation. The detection of hybrids can be difficult due to indistinguishable
morphologies of the hybrid and one or both of the parent species, leading to their existence being
unknown (Allendorf et al. 2001). For example, two malaria mosquito species, Anopheles
gambiae Giles and A. arabiensis Patton are morphologically indistinguishable and produce
hybrid offspring. Weetman et al. (2014) used molecular assays to detect the hybrid offspring
between these mosquito species. In order for the hybrid offspring to be considered a new species,
it must be reproductively isolated from both of the parental species. If the hybrid offspring is
able to backcross (successfully reproduce) with the parental species, a range of hybrid organisms
can be created. A new combination of genes in the gene pool becomes accessible when hybrids
form (Tovar-Sanchez and Oyama 2004). For this reason, hybrids are considered important
resources for increasing biodiversity (Strotz and Allen 2012).
The location in which the two populations meet and form hybrid offspring is known as
the hybrid zone. These zones occur in regions between sympatric populations (where two or
more species inhabit the same location) that are interbreeding. Species-specific characteristics,
such as allele frequencies for a particular trait, in one species often decrease quickly across a
hybrid zone towards the region of the other parent species (Rhymer and Simberloff 1996). For
example, Stuckas et al. (2009) found a cline for one nuclear and one mitochondrial loci between
two co-existing Baltic mussel species, Mytilus edulis and M. trossulus. A continuum of allelic
frequencies for both loci was found between the two species. Hybrid zones can also form when a
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single species initially occupying a habitat becomes separated into two populations and
reproductively isolated, due to glaciation or other physical barrier, and then are brought back into
contact with each other (Lorenzen et al. 2007). This process is known as secondary contact.
However, hybrid zones can also form through primary contact, or divergence occurring between
adjacent populations. A population’s geographic range may spread to sudden differing
environments to which new populations must adapt. The interaction between the evolving
populations is known as primary contact (Short 1969).
Introgression is the incorporation of DNA from one species to another as genes are
transferred between the two parent species and occurs through the process of hybridization
(Burgess et al. 2005). The genetic structure of the populations in the hybrid zone is then altered
due to transfer of alleles between populations (Rhymer and Simberloff 1996). Introgression can
occur when hybrids backcross with individuals of their parental species (Rhymer and Simberloff
1996). For example, Tillett et al. (2012) examined the introgression between populations of the
pig-eye shark (Carcharhinus amboinensis) in northern Australia. They described three
populations of sharks, two of which were found to be transferring genetic information between
them. The authors concluded that the shark populations began to hybridize after glaciers
retreated and the hybrid offspring mated back into the parent populations. Gene flow, or the
movement of alleles to other populations, can occur asymmetrically or symmetrically, but both
situations will result in hybrid offspring with varying amounts of the parental genomes. The
pattern of introgression that occurs is dependent upon the abundance of the parent species and
the fitness of the hybrid individuals because they must be able to backcross with the parent
species (Currat et al. 2008).
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When introgression occurs asymmetrically, the hybrid species passes on more alleles
from one parent species to the other. If the alleles of one parent are much less abundant than the
alleles of the other parent, introgression will favor the transfer of alleles from the more abundant
parent species to the less abundant parent species (Currat et al. 2008). Burgess et al. (2005)
identified asymmetrical introgression between an endangered red mulberry species (Morus
rubra) and an abundant white mulberry species (Morus alba) in Canada. Gene flow between
these species was towards the white mulberry due to its high abundance compared to the red
mulberry. Reproductive barriers, such as mechanical isolation, also cause asymmetrical
introgression. If the hybrid offspring can physically mate with one of the parent species, only
that species will receive genes from the other parent species. Takami et al. (2007) found greater
amounts of gene flow from Carabus albrechti to C. yamato, two ground beetles in Japan, due to
C. yamato being unable to physically fertilize the eggs of C. albrechti. When introgression
occurs symmetrically, the hybrid species will pass on equal numbers of genes to both parent
species.
Kraus et al. (2007) studied the pattern of introgression (or Africanization) of the
honeybee (Apis mellifera) in South America. They used mitochondrial DNA (mtDNA) and
nuclear DNA markers to analyze five populations of honeybees for their introgression with
African and European alleles. Kraus et al. (2007) found that the populations had an overall
proportion of 58% African alleles in the nuclear loci, however the mitochondrial analysis showed
a much higher African allele proportion in populations at a higher altitude (95%) than in
populations at a lower altitude (67%). The even incorporation of nuclear DNA between
populations, or hybridization values close to 50%, is indicative of symmetrical introgression, but
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the uneven incorporation of mtDNA into parent species, or hybridization values much greater or
less than 50%, is indicative of asymmetrical introgression.

Hybridization Studies of Terrestrial Invertebrates
Hybridization of species can lead to the creation of a new species or the introgression of
genetic material between parental populations. The hybrid organisms produced during
hybridization may have a lower fitness and will be selected against or have a higher fitness and
be selected for. This process has been well studied in terrestrial invertebrates. Here I review two
studies of hybridization in various species of terrestrial organisms by way of illustration.
Three Heliconius butterfly species: H. cydno, H. pachinus, and H. melpomene, which
inhabit Costa Rica, exhibit asymmetric introgression through hybridization (Kronforst et al.
2006). The ancestral species initially diverged due to natural selection for Müllerian mimicry (a
palatable species mimics an unpalatable species to avoid predation), but now have mixed
ancestry as they have begun interbreeding. The direction of gene flow between these species is
predictable due to decreased fitness in some hybrids based on their mimetic environments. Gene
flow from H. pachinus to H. cydno was calculated to be over two times greater than the reverse
direction. The gene flow was also unidirectional in H. pachinus and H. cydno to H. melpomene.
Mallet (1993) found a lack of hybridization between two additional Heliconius butterfly species,
H. himera and H. erato, contrasting the findings of Kronforst (2006) and illustrating the
importance of species model in hybridization (hybridization cannot be generalized for groups of
animals, such as butterflies). Additionally, Salazar et al. (2010) analyzed 47 genes thought to be
linked with wing band coloration to provide evidence for the adaptive introgression seen in
Heliconius butterfly species.
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Two Albinaria land snail species (A. discolor and A. campylauchen) are another example
of hybridization between terrestrial invertebrates. Giokas et al. (2000) examined nine allozymes
representing 12 gene loci for individuals of these two species, while studying ecological and
behavioral barriers normally preventing hybridization. They found a greater occurrence of rare
alleles and gene flow between individuals at the hybrid zone. They also identified individuals
that were genetically A. campylauchen, but possessed hybrid morphological and ethological
traits. When looking at the mortality of studied populations, Giokas et al. (2000) concluded that
A. campylauchen individuals that exhibit maladaptation to the adverse summer aestivation period
(a period of decreased physical activity) were heavily selected against, a possible postzygotic
isolation mechanism to prevent interbreeding between the two species.

Hybridization Studies of Marine Invertebrates
It is more difficult to study hybridization in marine environments than in a terrestrial
environment because determining if populations are isolated can be challenging. Many marine
species fertilize externally and have widely dispersing larvae so they are able to spread their
genes across vast areas of the ocean. Relatively few studies have been conducted on
hybridization in marine species, compared to terrestrial species. Even fewer studies have been
conducted on invertebrates within marine habitats. However, marine species have a high
potential for contact and possible hybridization due to the far dispersal of larvae through the
waterbody (Bierne et al. 2003). Two well-studied systems of hybridization in marine
invertebrates are the tiger prawn and hard-shelled clam.
Penaeus monodon is a tiger prawn species commonly used in aquaculture due to its fast
growth rate. P. esculentus is a closely related tiger prawn that comprises an important
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commercial fishery, but has not been used in aquaculture due to low performance (Benzie et al.
1995). Benzie et al. (1995) studied P. monodon and P. esculentus to determine if hybridization
could occur between these two species. They found low successful spawning percentages and
low hatch rates but high larvae survival rates (85%) once they hatched. Five genetic loci were
examined through allozyme analysis in the offspring to confirm that they were hybrids. This
study found a variation in body patterns and colorations, but no increased vigor for the hybrid
individuals.
Dillon and Manzi (1989) completed a hybridization study of Mercenaria mercenaria and
M. campechiensis, two clam species (also known as quahog, or hard-shelled clams) co-occurring
in the Indian River of Florida. The results showed extensive hybridization between the two
species in this location. In a later study, Dillon (1992) studied the same two species in South
Carolina. It was found that M. campechiensis only composed a small percentage of clam beds
and hybridization was very limited. Dillon (1992) concluded that temporal reproductive barriers
prevented the two species from hybridizing in this location. Because the forces of this barrier
decreased moving southward, the breeding in South Carolina was restricted, but possible in
Florida.

Hybrid Indices
The introgression of alleles between two species can be measured through a hybrid index.
The frequencies of parental alleles for each hybrid are calculated and represented on a numerical
scale with the minimum and maximum values corresponding to each pure parent genotype
(Rubidge and Taylor 2004). A reference species must be selected as the minimum value (1)
while the other parent species is designated as the alternative species, or maximum value (3)
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(Buerkle 2005). Hybrid organisms are an intermediate of the two parent species, so they are
given a median value of 2. Hybrid indices enable quantification of the level of hybridization for a
hybrid individual and help in defining the hybrid structure (Buerkle 2005).
There are generally three patterns of data seen within hybrid indices. The first trend is
known as unimodal and occurs when one of the parent species or the hybrids dominate the
populations (Jiggins and Mallet 2000). The second trend is bimodal and occurs when a
population mainly consists of individuals with genotypes of the parental species, with relatively
few hybrid intermediates (Rubidge and Taylor 2004). The final hybrid index trend is a flat
distribution, with equal numbers of parent species and hybrid individuals (Rubidge and Taylor
2004). Each of these patterns may represent a different stage in speciation. Species in a zone of
contact start out with a bimodal pattern, move towards a flat distribution as hybridization occurs,
and end with a unimodal trend that is dominated by hybrid individuals (Jiggins and Mallet 2000).
Moorehead et al. (1993) studied the hybrid continuum between two oak trees, Quercus
dumosa and Q. engelmannii. The parasitic Californian gall wasp, Andricus californicus, prefers
pure Q. dumosa individuals as their host, however they can be found on hybrids between the two
oak tree species. A total of 10 physical traits, such as leaf length and number of primary stems,
were used to build a hybrid index. This index showed bimodal hybridization with no hybrid
offspring with hybrid values between 0.2 and 0.8 (out of a possible 1.0). Additionally, it was
determined that there is a hybrid threshold value of 85% Q. engelmannii, where trees with hybrid
percentages greater than this value see no incidents of parasitism by the wasps.
Ross and Harrison (2002) also used hybrid indices to study the extent of introgression
between two North American field crickets, Gryllus pennsylvanicus and G. firmus. Their results
showed a clear bimodal nature of the hybridization between the populations and a distribution

Bateson 14
that indicated strong introgression of G. pennsylvanicus alleles into G. firmus. They found high
numbers of individuals with scores of 0, or pure G. pennsylvanicus, and a relatively broad peak
for individuals with scores of 3-6. There was no high peak of individuals at the maximum score,
or pure G. firmus, indicating a low population size of pure G. firmus individuals. Interestingly,
there were no F1 hybrids collected in their study. Ross and Harrison (2002) additionally
examined the average standard score along studied transect. Individuals were given a hybrid
score based on identifications using mitochondrial DNA, three anonymous nuclear loci, and
three morphological characteristics: femur length, pronotum width, and tegmina color. Females
were also given a score for a fourth morphological characteristic: ovipositor length. Molecular
scores were given discrete values of 0, 1, or 0.5 for each of the homozygotes and a heterozygote,
respectively, while morphological scores were on a continuous range between 0 and 1.
Morphological scores were standardized using the range of traits observed. Each molecular and
morphological score was weighted equally. An abrupt cline was found in the middle of the
transect, with low numbers of individuals with hybrid scores between 0.3 and 0.7, emphasizing
the patchiness of the populations.
In a study completed by Rubidge and Taylor (2004), two species of trout, westslope
cutthroat and rainbow, were examined in order to create a hybrid index and analyze the hybrid
structure of 18 trout populations. A total of 981 individuals were identified using two speciesspecific simple-sequence repeats (SSR) dual primer polymerase chain reaction (dpPCR) and two
restriction fragment length polymorphisms (RFLPs). A majority of the studied populations
showed unimodal skewed hybrid indices towards westslope cutthroat trout; 11 out of 18
locations had percent westslope cutthroat values greater than 80%, indicating low levels of
hybridization. However, three populations showed differing results: one location showed right-
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skewed results towards rainbow trout (83% rainbow trout) and two additional locations showed a
flat genotypic distribution, indicating high levels of hybridization and introgression back into the
parent species. Lodgepole Creek was one of the two populations that showed a flat genotypic
distribution with hybridization values of 33.3%, 56.7%, and 10% for westslope cutthroat trout,
hybrids, and rainbow trout, respectfully. These results highlight the possibility of populations
being overtaken by what is known as a hybrid swarm (a large group of hybrid individuals being
introduced to an area), causing native westslope cutthroat populations to be at risk for local
genomic extinction. Hybrid swarms are one way for hybridization to be introduced into a
population, while another way is the merging of two species’ habitat ranges after a major
environmental change (i.e. the retreat of glaciers).

Pleistocene Effects on Hybridization
During the Pleistocene epoch (2.6 to 0.01 million years ago), glaciations dominated and
disrupted the habitats of many organisms (Campbell and Reese 2005; Wares and Cunningham
2001). The cycles of glaciations caused habitats to expand and contract for organisms that could
not deal with the extreme temperatures (Maggs et al. 2008). The habitats of the affected
communities became unlivable, particularly in Northwest Atlantic intertidal marine
communities, and the populations were forced into glacial refugia to survive the freezing
temperatures (Wares and Cunningham 2001). After the Last Glacial Maxima (LGM; ~20,000
years ago), subtidal marine species were able to emigrate from refugial areas (Wares 2001). For
example, Semibalanus balanoides, a common acorn barnacle, sought refuge in Europe during the
Pleistocene ice age but was then able to re-colonize North America once the glaciers retreated
and habitats were restored (Wares and Cunningham 2001).
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Many hybrid zones are in locations that were directly affected by the climatic oscillations
of the Pleistocene epoch (Wares 2001, Fickel et al. 2008). Populations were reintroduced
together through secondary contact when ice retreated and species expanded their ranges out of
refugia, forming the potential hybrid zones. During the LGM, the shallow subtidal habitats in the
Northwest Atlantic were significantly impacted, with obligate rocky intertidal species becoming
locally extinct (Wares and Cunningham 2001). Species colonized the Northwest Atlantic Ocean
from the Pacific, Northeast Atlantic, and tropical West Atlantic. Out of the six marine species
studied by Wares and Cunningham (2001) five species were found to have migrated to the
Northwest Atlantic Ocean from Europe after the LGM. Of the species studied using mtDNA
sequences, only species within the sea star genus Asterias were found to be in secondary contact
(Asterias forbesi and A. rubens) (Wares 2001).
Similarly, in the North Atlantic, Wormhoudt et al. (2011) studied two subspecies of
European abalone (Haliotis tubercular tuberculata). After the opening of the Gibraltar strait (11.5 million years ago), these subspecies were separated from each other, allowing for allopatric
speciation to occur. However, the sea level has changed during the Pleistocene epoch, creating
possible contact since their initial separation. Approximately 30% H. t. tuberculata individuals
had mtDNA introgressed from H. t. coccinea. This introgression occurred after these subspecies
came into secondary contact with the retreat of the Pleistocene glaciations. These subspecies
were shown to be morphologically and genetically distinct, supporting their continued
classification separation rather than being grouped into one species. Finally, Addison and Hart
(2005) investigated the hybridization of the closely related sea urchin species Strongylocentrotus
droebachiensis and S. pallidus in the Northwest Atlantic. Some individuals that were
morphologically identified as S. droebachiensis had mtDNA haplotypes of S. pallidus. The
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authors hypothesized that, since mtDNA is inherited only through the maternal lineage, sperm of
S. droebachiensis had fertilized egg of S. pallidus. In the current study, I will be focusing on two
Asterias sea star species in the Northwest Atlantic that came into secondary contact after the
retreat of the Pleistocene glaciers.

Hybridization in Asterias rubens and A. forbesi
Asterias rubens and A. forbesi are two sister species that came into secondary contact in
the North Atlantic after the Pleistocene glaciations retreated. Asterias rubens is commonly found
along the coast of the Northwest Atlantic from North Carolina to Massachusetts (Wares 2001)
and along the Northeast Atlantic shores of Europe, Norway to Portugal (Franz et al. 1981). After
the LGM, A. rubens moved from the Northeast to the Northwest Atlantic shoreline (Wares and
Cunningham 2001). Asterias forbesi is found only in the Northwest Atlantic, ranging from
Canada to South Carolina (Wares 2001). Following the LGM, the range expansion out of glacial
refugia prompted the formation of a secondary contact zone around the Gulf of Maine (Wares
2001).
The two sister species now co-occur as sympatric populations in the Gulf of Maine,
however, this does not infer that these species can readily breed and form hybrid species.
Prezygotic reproductive barriers, such as differing breeding seasons, morphological
incompatibility, and incompatible sperm and egg, may prevent hybridization (Campbell and
Reese 2005). The potential for these species to hybridize in nature exists however, as these sister
species have overlapping spawning season, gametic thermal tolerance, and have similar diets,
habitats, and behavior (Menge 1979). As global warming causes the temperatures to rise in the
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sea star habitats, the zone of secondary contact may change in size and migrate northward as the
individuals migrate with preferred sea surface temperature.
A study of prezygotic reproductive isolation by Harper and Hart (2005) found that sperm
from each species are capable of fertilizing the eggs of the other species and viable fertile adults
could be produced in the lab. In a subsequent study, however, it was found that few hybrids
occur naturally (Harper and Hart 2007). In this large-scale analysis of morphological traits from
857 animals collected from both allopatric and sympatric populations, no group of hybrid
individuals could be statistically identified. Instead, using mtDNA sequences, Harper and Hart
(2007) found three individuals with the morphology of Asterias forbesi and the mtDNA
haplotypes of A. rubens. Harper and Hart (2007) hypothesized these hybrids were the
consequence of A. rubens eggs being fertilized by A. forbesi sperm. Since this hypothesis was
based on only one type of genetic marker (mtDNA), which is only inherited through the maternal
lineage, their conclusion about the extent of hybridization was limited.
Subsequent research in our lab targeted two nuclear DNA genetic markers, ITS and EF1α, to further elucidate the hybridization between these two sea star species. Genetic markers are
DNA sequences that vary between species and allow for the identification of the species to be
found. ITS and EF1-α were developed as polymerase chain reaction restriction fragment length
polymorphisms (PCR-RFLPs) to further detect hybridization in sympatric Asterias populations.
Previous researchers in the lab successfully applied these markers in allopatric populations (A.
forbesi: Shinecock Bay, Long Island (n=25) and Duke Marine Lab, North Carolina (n=5); A.
rubens: Havre St. Pierre, Quebec (n=12)). They then used these markers to screen sympatric
populations in the putative hybrid zone (Nova Scotia, n=18; Isle of Shoals, NH, n=85). The
frequency of first generation hybrids (F1) for both markers was 11% of the population in Nova
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Scotia with individuals identified as backcrossed for EF1-α at 8.5% and backcrossed for ITS at
12%. In contrast, no F1 hybrids were identified in the Isle of Shoals, NH, while EF1-α
backcrosses were at 7% and ITS backcrosses at 1%.

Purpose of Study
The research completed previously in our lab studied a total of 539 A. rubens, A. forbesi,
or hybrid individuals. Fourteen of these individuals were identified as hybrids. However, out of
all the samples studied (n=539), 513 individuals are missing genetic identifications to build a
data set of morphology, mitochondrial DNA, and two nuclear markers: 492 are missing mtDNA
identifications, 367 are missing ITS identifications, and 327 are missing EF1-α identifications.
This leaves a large gap of missing data for individuals that may be identified as hybrids and are a
crucial part to a hybrid index. The purpose of my research was to complete the data set and
create a hybrid index in order to measure the extent of hybridization and backcrossing within
sympatric and allopatric populations of Asterias rubens and A. forbesi.

Materials and Methods
A total of 539 individuals from the northwest Atlantic were used in this study (Harper
and Hart 2005). Individuals from sympatric populations were previously collected from Lunging
Island, Isles of Shoals, New Hampshire (n=194) and Bear Cove, Nova Scotia (n=219).
Individuals from allopatric populations were collected from Havre St. Pierre, Quebec (n=94),
and Long Island, New York (n=32) (Fig. 1). After collection, tubefeet or entire individuals were
stored in ethanol at the Nova Scotia Natural History Museum. The DNA from tube feet from
both sympatric and allopatric populations was extracted using a commercial DNA extraction kit
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(QIAmp DNA minikit, Qiagen), following the manufacturers’ protocol, with a final elution in 35
µL of water. Extracted genomic DNA was examined for quality and quantity using a Nanodrop
prior to PCR amplification.

Mitochondrial DNA PCR and Sequencing
High quality genomic DNA was used to amplify specific regions of interest through PCR
amplification. By studying mitochondrial DNA (mtDNA), we are able to determine the maternal
species, since mtDNA is only inherited maternally. Very rare cases have been found where
mtDNA is not inherited from the maternal species, however none of these species are in the
phylum Echinodermata and therefore it can be assumed Asterias individuals complete maternal
mitochondrial inheritance (see Mitochondrial Hybrid Index section in the discussion for further
explanation). To determine the maternal species, we targeted the putative control region (noncoding mtDNA) with primers anchored in 12S and 16S RNA sequences. PCR products were
amplified using the forward primer 12Sa (5’-ACACATCGCCCGTCACTCTC- 3’) and the
reverse primer 16Sa (5’ –TCTTAGTACGAAAGGACCAGA- 3’), which yielded a product of
approximately 800 bp. PCR amplifications for the mtDNA were performed in 25 µL reaction
volumes containing final concentrations of 2.0 mM MgCl2 (Invitrogen), 0.3 µM of each primer,
0.2 mM of each dNTP (Invitrogen), 1x Reaction Buffer (Invitrogen), 1 unit Taq (Invitrogen), and
1 µL of template DNA with a concentration of 10-50 ng/µL. The thermal cycling protocol for
mtDNA consisted of denaturation at 94°C for 3 min, followed by 38 cycles of 94°C for 30 sec,
54°C for 45 sec, and 72°C for 69 sec, and a final extension at 72°C for 3 minutes. PCR products
that successfully amplified were then purified using a column purification kit (Qiaquick PCR
Purification Kit, Qiagen), following the manufacturers’ protocol, prior to sequencing.
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Mitochondrial DNA was commercially sequenced (University of Michigan Sequencing)
in both the forward and reverse direction using the same primers as the PCR. Chromatograms
were analyzed manually using 4peaks software (Griekspoor and Groothius 2006). In MEGA
Version 6 (Tamura et al. 2011), forward sequences were aligned with the reverse complement
sequences from the same individual. A FASTA file was then generated with all individual
sequences. The sequence results were examined in the Basic Local Alignment Search Tool
(BLAST, http://www.ncbi.nlm.nih.gov/blast) to determine the maternal lineage of the mtDNA.

Nuclear DNA PCR-RFLP Analysis
Previously in the lab, two nuclear DNA markers were also used to identify the identity of
each parent. PCR-RFLP was completed by Johnson (2011) and Trapp (2012). Internal
Transcribed Spacer (ITS) is a non-coding region of nuclear DNA that can be used to differentiate
between Asterias species. PCR products for ITS were obtained using the forward primer ITSF1399 and reverse primer ITSR1-399. These primers were designed for Asterias forbesi and A.
rubens from previous sequences and amplify a 410 bp product. PCR products for Elongation
Factor intron 1- 4α (EF1- α), also a non-coding region of nuclear DNA, were obtained using
forward primer EF1α- 4HF with reverse primer EF1α- 4HR. These primers were designed for
Asterias forbesi and A. rubens from previous sequences and amplified a 368 bp product.
In both ITS and EF1-α reactions, PCR conditions were optimized until a single PCR
product of appropriate length was obtained for each individual, as visualized on an ethidiumbromide stained agarose gel through gel electrophoresis.
To perform the restriction digests of ITS, restriction enzyme HincII was used. With this
enzyme, PCR products of Asterias rubens digested into two fragments. PCR products of A.
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forbesi do not digest as they lack the restriction site. Hybrid individuals inherit one copy of ITS
from each parent. Therefore, their restriction reaction digestion profile has three products.
Restriction products were visualized on an ethidium-bromide stained agarose gel through gel
electrophoresis.
For the restriction digest of EF1-α, restriction enzyme SspI was used. PCR products of
Asterias forbesi digested into two fragments. PCR products of A. rubens did not digest due to a
lack in restriction site, leaving it as a single fragment. Hybrid individuals digested into three
fragments. Restriction products were visualized on ethidium-bromide stained agarose gel
through gel electrophoresis.
The identification of an individual as a hybrid for ITS, EF1-α, or mtDNA was repeated at
least twice to confirm the results.

Hybrid Index
To measure the introgression of alleles between A. forbesi and A. rubens, a hybrid index
was created. Asterias forbesi was selected as the reference species and therefore given the
minimum value of 1 for each trait. Asterias rubens was designated as the alternative species and
given the maximum value of 3 for each trait. Therefore, individuals identified as being hybrids
were given the value of 2 for each trait.
Identification of species through morphology was based on the color of the madreporite,
body flabbiness, shape of major pedicellariae, and location of wreath of minor pedicellariae on
abactinal spines. Two of these morphology traits, shape of major pedicellariae and location of
wreath of minor pedicellariae on abactinal spines, were each given a 1, 2, or 3 based on their
classification, while flabbiness and madreporite color could only be given a 1 or 3 because no
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intermediate was scored. Individuals were also given a 1, 2, or 3 based on identification with
each of the nuclear DNA regions studied: ITS and EF1-α. Individuals were given a 1 if they were
identified as A. forbesi, 2 if they were identified as a hybrid, or 3 if they were identified as A.
rubens using these two nuclear DNA markers. Individuals could only be given a 1 or 3 for
classification through mtDNA because only the mother’s species can be identified using this
region of DNA (see Mitochondrial Hybrid Index in discussion section). Based on these seven
traits, the highest hybrid index score an individual could be given was 21, an individual
identifiead as pure A. rubens for all traits. An individual with a score of 7 would be a pure A.
forbesi. An F1 hybrid would be expected to have a score between 11 and 17.

Results
Morphological Hybrid Index
Three populations of A. forbesi and A. rubens (Havre St. Pierre, Quebec, Bear Cove,
Nova Scotia, and Lunging Island, NH) were characterized using four morphological traits:
madreporite color, body flabbiness, location of wreath of minor pedicellariae, and shape of major
pedicellariae, as described previously. The allopatric population of Havre St. Pierre, Quebec
(n=94) showed moderate levels of hybridization (23%) with 12 individuals having a hybrid
identification for location of wreath of minor pedicellariae and 10 identifying as pure A. forbesi
in body flabbiness when all other traits identified them as being pure A. rubens (Fig. 2). High
levels of intermediate morphology were found in the two sympatric populations. Bear Cove,
Nova Scotia (n=219) had a hybridization percentage of 42% based on morphology alone, while
Lunging Island, NH (n=193) showed 38% of individuals having some degree of hybridization.
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Nuclear DNA Hybrid Index
All four populations were studied using PCR-RFLP of two nuclear DNA regions: ITS
and EF1- α. Intermediate to low levels of hybridization were found in the sympatric populations
of Nova Scotia (n=21) (29%) and New Hampshire (n=12) (11%) (Fig. 3). No hybridization (0%)
was found in individuals from the allopatric populations of Quebec (n=12) and New York
(n=25). Many individuals from the four populations have been identified with one of the nuclear
markers, but not both. Therefore, these individuals could not be included in the hybrid index
(Table 1).

Mitochondrial DNA Hybrid Index
Three populations, Quebec, Nova Scotia, and New Hampshire, had individuals sequenced
for the putative control region of mtDNA. Previously sequenced mtDNA (Johnson 2011) as well
as seven new mtDNA sequences obtained in this study were used. Mitochondrial DNA is unable
to show intermediate traits because individuals only receive the mtDNA from the maternal
species. Therefore, individuals could only be given a score of 1 or 3 for the hybrid index.
Unfortunately, the data set of individuals scored with mitochondrial markers is too small for all
three locations (Quebec [n=6], Nova Scotia [n=20], New Hampshire [n=21]) to be compared
with hybridization trends from morphological and nuclear DNA data (Fig. 4). However, two
individuals were newly identified as hybrids through the mitochondrial identification.
Individuals AF106 and AF119 scored as A. forbesi for both the morphological and ITS
identifications but were found in this study to have A. rubens mtDNA, leading to them both
being identified as hybrids.
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Comprehensive Hybrid Indices
The data were insufficient to build a hybrid index using individuals identified with all
seven traits (four morphological, two nuclear markers, and one mitochondrial marker). Instead, a
hybrid index was built that included six of the seven traits; individuals were utilized if they had
hybrid scores for all four morphological characters and both nuclear markers (Fig. 5). This index
used three populations: Quebec, Nova Scotia, and New Hampshire. The New York population
could not be used because individuals from this population have only been identified with
nuclear DNA markers to date.
The allopatric population of Quebec (n=11) showed surprisingly high levels of
hybridization despite its classification as an allopatric population (27%). This apparent
hybridization was due to individuals who classified as A. rubens for all traits except for location
of wreath of minor pedicellariae (n=12) or body flabbiness (n=10), which they scored as being a
hybrid or as pure A. forbesi.
The sympatric New Hampshire population (n=73) also showed high levels of
hybridization (38%). No pattern was found in characters being the cause of the hybrid
classification for individuals in this population. The greatest level of hybridization was found in
the sympatric Nova Scotia population (n=15) (60%). Individuals with scores classifying them as
hybrids in the Nova Scotia population (n=6) generally had morphological identifications
conflicting with both nuclear markers.
An additional hybrid index was built that quantified the hybridization in the same
populations but with only four of the seven traits (two morphological traits and two nuclear DNA
markers). This index used the same individuals as the previous hybrid index, but excluded the
scores for the morphological traits where intermediate scores were possible (location of wreath
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of minor pedicellariae and shape of major pedicellariae) (Fig. 6). The allopatric population of
Quebec (n=11) exhibited the same level of hybridization as the previous hybrid index (27%).
This is due to three individuals being scored as A. forbesi for the body flabbiness with all other
traits scoring as A. rubens.
Both sympatric populations showed lower levels of hybridization than when six of the
seven traits were used: the New Hampshire population (n=73) showed a hybridization level of
18%, while the Nova Scotia population (n=15) showed a level of 40%. Individuals with scores
classifying them as hybrids in the Nova Scotia population (n=6) generally had morphological
identifications conflicting with both nuclear markers.

Discussion
Hybridization in Sympatric Populations
The two sympatric populations, Bear Cove, Nova Scotia and Lunging Island, New
Hampshire, showed varying levels of hybridization when analyzed through hybrid indices. The
level of introgression between A. forbesi and A. rubens in the Bear Cove population ranged from
29% to 60% depending on the traits used for the hybrid index. The Lunging Island population
exhibited levels of hybridization between 11% and 38%. There was a general bimodal
introgression pattern for both populations, indicating these populations as being in the primary
stages of hybridization after secondary contact (Jiggins and Mallet 2000).
This conclusion does not mean that these species have been recently introduced to each
other. Even after the populations are in secondary contact for extended periods of time, bimodal
patterns may persist due to assortative mating or assortative fertilization, two types of prezygotic
barriers (Jiggins and Mallet 2000). Assortative fertilization occurs when any factor prevents the
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fertilization of the egg from the time insemination occurs to the time when the gametes fuse
(Ahmed 2008). During assortative mating, organisms complete nonrandom mating and
preferentially choose mates with similar phenotypes or genotypes (Jiggins and Mallet 2000).
Therefore, assortative selection works against introgression.
Prezygotic barriers, such as temporal, habitat, and gametic isolation, are a possible
explanation for the limited hybridization found in sympatric populations of Asterias. These
barriers are incomplete for A. forbesi and A. rubens, but may still have a negative effect on the
levels of hybridization. Asterias forbesi and A. rubens individuals live in similar habitats and
spawn at the same time of the year (Menge 1979). Eggs and sperm of each species are
compatible with the other species, and therefore are able to fertilize and produce a zygote
(Harper and Hart 2005). Previous research in our lab has found that postzygotic barriers are not
contributing to the lower levels of hybridization between these sea star individuals (Harper and
Hart 2007), however Clark and Downey (1992) reported that Asterias hybrids do not frequently
reach sexual maturity.
Hybridization in the wild between Patiriella calcar, P. gunnii and P. exigua, (three sister
sea star species) was demonstrated to be limited due to prezygotic barriers by Byrne and
Anderson (1994). Eggs and sperm are equally compatible between P. calcar and P. gunnii and
produced viable hybrid juveniles. It was concluded that limited hybridization between these two
species is due to prezygotic barriers, such as temporal and habitat isolation. Crosses between P.
exigua and either of the other parent species resulted in limited fertilization rates with no viable
hybrid offspring. Gametic incompatibility, a prezygotic barrier, is thought to be the cause of the
absence of P. exigua hybrids in the field. The Asterias species of our study may exhibit similar
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prezygotic barriers but these barriers are not complete, leading to the low levels of hybridization
found in the sympatric populations.

Hybridization in Allopatric Populations
Both allopatric populations, Quebec and New York, showed no hybridization in hybrid
indices built with nuclear and mitochondrial identification. Only indices built with
morphological data indicated potential hybridization. The allopatric population of Havre St.
Pierre, Quebec lies further north than the range of habitat for A. forbesi so there should be no
evidence of hybridization. A possible explanation for the 23% hybridization in this population is
that these characters may not bring good species-specific markers because they have some level
of plasticity. Characters are said to be plastic when they change in response to their environment.
Previous research has shown that small numbers of individuals in allopatric populations
may show some levels of hybridization, even if the populations are geographically separated.
Bert and Harrison (1988) completed a study on two marine crabs, Menippe mercenaria and M.
adina. In this study, the hybridization was measured in both allopatric populations and in a zone
of habitat overlap using eight morphological traits and three nuclear loci. Mean index scores in
allopatric populations varied and never reached the maximum or minimum hybrid score
indicative of pure parental species; all allopatric populations had individuals with some degree of
hybridization. As explained above, this may be due to the use of non-species-specific markers.

Mitochondrial Hybrid Index
In isolation, mitochondrial identifications cannot be used to show the level of
hybridization within a population. This is due to the method of mitochondrial inheritance, in
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which the individual receives one copy of mtDNA from the maternal parent and no copies of
mtDNA from the paternal parent. However, when compared with hybrid scores calculated using
additional identification techniques, such as in this study, mitochondrial DNA identification can
be an important tool in identifying individuals as second generation hybrids and generations after
that (F2 hybrids and later). In this study, two individuals (AF106 and AF119) identified as having
A. rubens mtDNA but A. forbesi nuclear DNA (based on both ITS and EF1-α PCR-RFLP
markers) were concluded to be F2 hybrids or later. An F1 hybrid would have been identified as a
hybrid with the ITS nuclear marker because they would receive the A. forbesi allele from one
pure A. forbesi parent and the A. rubens allele from the other parent, a pure A. rubens individual.
An F2 hybrid individual, such as AF106 and AF119, could receive an A. forbesi allele from each
of the hybrid parents, but could still receive A. rubens mtDNA from the mother (Fig. 7).
Without the addition of the mtDNA marker to the identification techniques, these individuals
would have been given a score of pure A. forbesi due to both nuclear and morphological markers
showing pure A. forbesi identifications. This illustrates the importance of multiple types of
identification methods used to analyze the level of hybridization within a population. No new F1
hybrids (individuals with hybrid scores at the center on hybrid indices) were identified in this
study using mtDNA analysis.
In certain species, mitochondrial inheritance is paternal and not maternal. This
inheritance pattern is very rare and occurs when mtDNA is passed on from father to offspring,
rather than from mother to offspring. Some hybrid crosses have shown this paternal inheritance,
such as in fruit fly species, Drosophila mauritiana and D. simulans (Kondo et al. 1990), mice
species, Mus musculus and M. spretus (Kaneda et al. 1995, Gyllensten et al. 1991, Shitara et al.
1998), and periodical cicada species, Magicicada septendecim and M. septendecula (Fontaine et
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al. 2007). Another type of mitochondrial inheritance, biparental, has been found in mussels of the
Mytilus genus. Zouros et al. (1994) provided evidence that mtDNA inheritance is linked with
both sexes. Female offspring of Mytilus inherit their mtDNA from only their mothers but then
pass their mtDNA on to both sons and daughters. Male offspring of Mytilus inherit their mtDNA
from both their mother and father, but can only pass their mtDNA onto their sons.
The type of mtDNA inheritance in sea stars has not been studied. However, research has
shown that maternal inheritance is highly likely in another class of echinoderms, the sea urchins.
Anderson (1968) found that sperm mitochondria of Paracentrotus lividus, the purple sea urchin,
disintegrate through self-autolysis, or bursting of the cell. During later stages of embryo
development, the sperm mitochondrion was observed to degrade and then become absorbed into
the surrounding egg mitochondria, preventing it from further influencing the embryo. This leaves
only the maternal mtDNA to be replicated and utilized by the developing embryo.

Concerns with Morphology Hybrid Index
The morphological trait identifications showed levels of hybridization (23%) within one
allopatric population, Quebec. Allopatric populations should have no hybridization because
species are physically separated from each other and therefore prezygotic barriers impede them
from interbreeding. This observed hybridization could be due to a combination of factors such as
the subjective nature of the identifications. Qualitative and quantitative morphological
identifications are commonly used in hybridization studies, such as in the hybridization study on
North American field crickets, Gryllus pennsylvanicus and G. firmus, described previously (Ross
and Harrison 2002). This study used mtDNA, three nuclear markers, and four morphological
characteristics, one of which was qualitative (tegmina color), to examine hybridization along a
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transect. Results with the qualitative trait used, tegmina color, showed inconsistencies with data
found using other morphological, nuclear, and mtDNA traits. Tegmina color was found to have a
strong cline in the center of the transect, while qualitative morphological traits, nuclear markers,
and mtDNA exhibited a more gradual transition along the transect. Ross and Harrison (2002)
concluded that tegmina color may have a sharp cline due to divergent selection in differing soil
environments along the transect. In our study, it appears some morphological traits may be
unsuitable for their inclusion in our hybrid indices. Two traits, location of wreath of minor
pedicellariae and shape of major pedicellariae, were removed from one of the comprehensive
hybrid indices because intermediate traits could be scored and indicated a relatively high
percentage of hybrid organisms in the allopatric population of Quebec, where hybrids should not
be identified. These traits may not be suitable for inclusion in a hybrid index, as we do not know
if they are plastic traits that would change with their environment. Plastic traits are not dependent
on the genotype of the individual so they cannot be passed on between generations and therefore
would be unable to detect hybrids.
Quantitative morphological traits prevent the problem of subjective measurements.
Tovar-Sanchez and Oyama (2004) examined seventeen morphological traits of Quercus
crassifolia and Q. crassipes, two oak species, to determine the pattern of natural hybridization
and the location of hybrid zones. All morphological traits, such as number of veins and length of
lamina, were quantitative. Identifications using six species-specific genetic markers were used in
conjunction with the morphological data. Tovar-Sanchez and Oyama (2004) found high
correlations between morphological character and molecular marker index scores, indicating the
usefulness of quantitative morphological traits in studying hybridization.

Bateson 32
Comprehensive Hybrid Index
Hybrid indices utilizing morphological and nuclear marker identifications were built to
complete a more extensive analysis of hybridization in the populations in this study. Sample
sizes of individuals identified with all seven traits (Quebec [n=1], Nova Scotia [n=6]) were
insufficient to build a hybrid index that included mitochondrial DNA hybrid scores. Samples
sizes of at least 10 individuals would be preferred. An interesting pattern became apparent when
the comprehensive hybrid indices (indices built with morphological and nuclear data) were
created: relatively few individuals showed hybrid scores that were directly intermediate between
the two parent species. Therefore, the populations showed strong bimodal hybridization patterns
and supports the findings of strong prezygotic barriers (Jiggins and Mallet 2000).
Hybridization between weakfish, Cynoscion regalis, and sand seatrout, C. arenarius, in
five sympatric populations was studied using similar techniques to our study; four nuclear DNA
markers and a mitochondrial DNA marker were used to differentiate between pure parental
species and hybrid offspring (Tringali et al. 2011). Only the nuclear markers were utilized in the
generation of hybrid indices. Two of the populations showed strong unimodal hybridization
towards C. arenarius. These populations are located in an intercoastal area of Florida, on the
edge of the habitat range of C. regalis, leading to the expected lower values of hybridization. The
remaining three populations were coastal and showed much greater instances of hybridization.
The most northern population showed hybrid index scores skewed towards C. regalis, while the
most southern population showed scores skewed towards C. arenarius. The central population
exhibited a flat-bimodal distribution, with relatively even numbers of individuals with each
hybrid index score. Tringali et al. (2011) also compared hybrid indices for the three coastal
populations generated in their study to hybridization values from individuals collected in the year
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previous. The northern and central populations showed hybridization values shifting towards
values of C. arenarius, while the southern population showed hybridization values shifting
towards values of C. regalis. Differences in hybrid distribution between the two years were
explained by changes in salinity in the habitats of the three populations.
Laakkonen and Strelkov (2015) used one mitochondrial marker and four allozyme
nuclear markers to provide evidence for introgression from the Atlantic herring Clupea harengus
into the Pacific herring C. pallasii. The presence of Pacific herring in the Atlantic ocean is a
result of their post-glacial trans-arctic migration and created a zone for hybridization to occur,
similar to the trans-Atlantic migration completed by A. forbesi and A. rubens. Samples of Pacific
herring taken from the White Sea (Pacific) possessed 7% mtDNA from Atlantic herring, while
samples from the Norwegian Sea possessed 21% mtDNA from Atlantic herring, A hybrid index
generated with the four allozyme loci from individuals in the Norwegian Sea population showed
a unimodal introgression pattern skewed towards pure C. pallasii. This distribution was
indicative of a panmictic population, or a population of randomly mating individuals.
Hybrid indices built with mitochondrial DNA had samples sizes between 6 and 21
individuals; sample sizes were lower than desired and more samples need to be identified using
mtDNA markers to aid in the identification of additional hybrids. Samples sizes of our study
ranged from 11 individuals to 219 individuals throughout all hybrid indices built with
morphology and nuclear DNA. When comparing sample sizes between our study and those of
previous studies, it can be seen that our sample sizes must be increased. The previously
described research completed by Tovar-Sanchez and Oyama (2004) on the hybridization of oak
trees utilized 250 individuals from each sympatric population and 40 individuals from each
allopatric population. Additionally, the study completed on Atlantic and Pacific herring by
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Laakkonen and Strelkov (2015) had samples sizes ranging from 20 to 190 individuals for each
population, with an average of 50 individuals. The population of Lunging Island had sample
sizes that are adequate for a hybridization study (with sample sizes between 73 and 193
individuals for indices built with morphology and nuclear DNA), however more individuals from
the populations of Quebec, Nova Scotia, and New York need to be identified using nuclear
markers to increase the sample sizes to match the current standards of hybrid studies.
Within a hybrid index, some characters play more of a role than others in identifying
hybridization of a population. These characteristics can be weighted more than others to a level
proportional to their usefulness in determining the level of hybridization. This helps to produce a
hybrid index more indicative of the true hybridization levels of a population. Many different
weighing techniques have been constructed, however a consensus has not been reached to which
technique should be used (Adams and Turner 1970).
Anderson (1954) completed a hybridization study on stemless white violets to measure
the extent of introgression within his violets. When building a hybrid index, Anderson (1954)
discovered that six of the nine morphological characteristics he measured had strong
relationships between them and therefore contributed more to the index. Hatheway (1962)
furthered this research by determining the weights of each characteristic. To determine this
relationship between traits, a canonical analysis was applied to the varying traits. This analysis
pairs two traits and measures the resulting correlation coefficient between the two traits. This
method was completed for every combination of two traits. The weights are then chosen based
on the highest correlation coefficient values. The determination of correlation coefficient values
allowed for the removal of traits with low value to hybrid indices, while additionally increasing
the amount of input the more useful characteristics have.
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Ledig et al (1969) measured the introgression between the chestnut oak, Quercus prinus
L., and the white oak, Quercus alba L. using a hybrid index. A total of 15 morphological traits
were analyzed using a discriminant analysis in order to determine approximate weighting of
characteristics. This type of analysis is a multivariate statistical procedure first described by
Fisher (1936). Through the discriminant analysis, regression coefficients are obtained, which
correlate to the weights given to each of the characters. Only five of the fifteen traits were found
to be significant criterion for discrimination between pure individuals and hybrids.
Future studies of the hybridization of A. forbesi and A. rubens should examine the use of
character weights in the hybrid indices. This study has already shown that some morphological
characteristics (location of wreath of minor pedicellariae and shape of major pedicellariae) may
not be suitable for inclusion in the hybrid index. Therefore, it may be appropriate to lower the
weight of scores given through morphological identification.
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Figures

Figure 1:: Sampling locations for Asterias individuals. Locations noted as stars and include two
allopatric populations: Long Island, New York (purple) and Havre St. Pierre, Quebec (red), and
two sympatric populations: Bear Cove
Cove, Nova Scotia (blue), and Lunging Island, New Hampshire
(green). Sympatric habitats are shown as the area within the yellow circle.
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Figure 2. Frequency of pure A. forbesi, A. rubens, and hybrid individuals in one allopatric
population (a: Havre St. Pierre, Quebec) and two sympatric populations (b: Bear Cove, NS; c:
Lunging Island, NH) identified with four morphological markers only. Pure A. forbesi
individuals were given a score of 1 for each trait (for a total hybrid score of 4) and pure A.
rubens individuals were given a score of 3 for each trait (for a total hybrid score of 12). Hybrids
received scores of 1, 2, or 3 depending on the trait, giving them total hybrid scores between 5
and 11.
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forbesi, A. rubens, and hybrid individuals in two allopatric
Figure 3. Frequency of pure A. forbesi
populations (a: Havre St. Pierre, Quebec; b: Long Island, NY) and two sympatric populations (c:
Bear Cove, NS; d: Lunging Island, NH) identified with two nuclear DNA PCR-RFLP
RFLP markers
only. Pure A. forbesi individuals were given a score of 1 for each trait (for a total hybrid score of
2) and pure A. rubens individuals were given a score of 3 for each trait (for a total hybrid score
of 6). Hybrids received scores
cores of 1, 2, or 3 depending on the trait, giving them total hybrid scores
between 3 and 5.
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Figure 4. Frequency of pure A. forbesi and A. rubens in one allopatric population (a: Havre St.
Pierre, Quebec) and two sympatric populations (b: Bear Cove, NS; c: Lunging Island, NH)
identified with mitochondrial data only. Individuals identified as having A. forbesi mtDNA were
given a score of 1 and individuals identified as having A. rubens mtDNA were given a score of 3.
3

Bateson 40

Figure 5. Frequency of pure A. forbesi, A. rubens, and hybrids in one allopatric population (a:
Havre St. Pierre, Quebec) and two sympatric populations (b: Bear Cove, NS; c: Lunging Island,
NH) identified with four morphology traits and two nuclear DNA PCR-RFLP markers. Pure A.
forbesi individuals were given a score of 1 for each trait (for a total hybrid score of 6) and pure
A. rubens individuals were given a score of 3 for each trait (for a total hybrid score of 18).
Hybrids received scores of 1, 2, or 3 depending on the trait, giving them total hybrid scores
between 7 and 17.
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Figure 6. Frequency of pure A. forbesi, A. rubens, and hybrids in one allopatric population (a:
Havre St. Pierre, Quebec) and two sympatric populations (b: Bear Cove, NS; c: Lunging Island,
NH) identified with two morphology traits (madreporite color and body flabbiness) and two
nuclear DNA PCR-RFLP markers. Pure A. forbesi individuals were given a score of 1 for each
trait (for a total hybrid score of 4) and pure A. rubens individuals were given a score of 3 for
each trait (for a total hybrid score of 12). Hybrids received scores of 1, 2, or 3 depending on the
trait, giving them total hybrid scores between 5 and 11.
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Figure 7. Proposed illustration
ustration of ITS inheritance (a) and mitochondrial inheritance (b) of two
hybrid individuals (AF106 and AF119) identified with A. forbesi nuclear DNA and A. rubens
mtDNA. Circle with “F” represents A. forbesi allele and circle with “R” represents A. rubens
allele passed between generations. EF1-α inheritance pattern is the same as for ITS.
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Table 1. Quantification of individuals examined with one of the two PCR-RFLP nuclear
markers. These individuals could not be included in data analysis of Fig. 3.

Total Number of
individuals missing
one nuclear marker

Number missing ITS
Number missing
identifications
EF1-α identifications

Havre St. Pierre, QC

11

3

8

Long Island, NY

6

5

1

Bear Cove, NS

48

11

37

Lunging Island, NH

15

1

14
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